The present paper proposes an analysis based on the second principle of thermodynamics applied to a water-Al 2 O 3 nanofluid. The nanofluid flows inside a circular section tube subjected to constant wall temperature. The aim of the investigation is to understand, by means of an analytical model, how entropy generation within the tube varies if inlet conditions, particles concentration, and dimensions are changed. To gather these information is of fundamental importance, in order to optimize the nanofluid flow. The results show that according to the inlet condition, there is a substantial variation of the entropy generation, particularly when Reynolds number is kept constant there is an increase of entropy generation, whereas when mass flow rate or velocity are taken constant, entropy generation decreases.
Introduction
The study of nanofluids has attracted the interest of many researchers all around the world, because of the unique heat transfer capabilities shown by such a new category of fluids. A nanofluid is a suspension of nanoparticles, usually metal oxides, within a base fluid, such as water, glycol, or mineral oil. Suspending nanoparticles in a fluid leads to an increase of its thermal properties; in particular, nanoparticles contribute to increase thermal conductivity, resulting in a mixture with higher conductivity with respect to the base fluid.
On the contrary, the viscosity of the mixture increases, determining higher pressure losses. Therefore, there is a competing behavior of thermal conductivity and viscosity which both increase with particles concentration, thus it is necessary to establish an optimal value. Researchers are engaged in developing different kinds of studies regarding nanofluids in order to describe thermophysical properties, natural and forced convection flow, and the application in different devices.
Recently, Khanafer and Vafai [1] presented a critical synthesis of the variants within the thermophysical properties of nanofluids. Correlations for effective thermal conductivity and viscosity are synthesized and developed in this study in terms of pertinent physical parameters based on experimental data available in the literature. Also, Corcione [2, 3] proposed different models to estimate thermal conductivity and dynamic viscosity of nanofluids developed by making a synthesis of experimental data available in the literature. Fan and Wang [4] , instead, proposed a review on the thermal conductivity studies about nanofluids, and they focused on the physical mechanisms which cause the enhancement of nanofluids conductivity. Buongiorno [5] investigated the mechanisms which cause the enhancement of the heat exchange in nanofluids. He analyzed all the possible physical phenomena that can influence heat transfer in nanofluids, and he proposed a correlation to estimate Nusselt number for nanofluid turbulent convection in a tube. Other researchers performed different numerical analysis on the convection of nanofluids, in order to understand the possibility to use nanofluids in practical applications and to assess which are the best methodologies to simulate nanofluid flow.
Khanafer et al. [6] were the first to propose a numerical model to study natural convection in an enclosure filled with a Cu-water nanofluid. They presented a correlation of the average Nusselt number for various Grashof numbers and volume fractions.
Bianco et al. [7] and He et al. [8] proposed for the first time the application of the discrete phase model to the simulation of nanofluids convection. They performed a full two-phase simulation, modeling the nanoparticles with a Lagrangian approach and the base fluid by means of the usual Eulerian methodology. Subsequently, Tahir and Mital [9] successfully utilized this approach to simulate the developing laminar forced convection flow of alumina-water nanofluid in a circular tube subjected to a uniform wall heat flux. They analyzed the effects of particle diameter, Reynolds number, and volume fraction of the particles on the average heat transfer coefficient. Instead, Behzadmehr et al. [10, 11] were the first to simulate nanofluid convection flow by means of the mixture model, demonstrating the accuracy of this methodology, which cannot explicitly account for two separate phases, but it allows considering the particles with an additional term in the momentum equation and by adding a concentration equation. The validity of this approach was also confirmed by Bianco et al. [12, 13] .
Hejazian and Moraveji [14] developed a comparison between single-phase model and mixture model, highlighting the limited deviation of the mixture model with respect to experimental results. Moraveji and Esmaeili [15] tested both single-phase and two-phases CFD modeling of laminar forced convection flow of nanofluids in a circular tube under constant heat flux. They detected a good agreement between the numerical results and experimental data.
Other researchers focused their interest on the application of nanofluids in various kinds of devices, in order to understand if better performances might be achieved by employing nanofluids.
Wong and de Leon [16] sustain that nanofluids can be utilized where straight heat transfer enhancement is paramount as in many industrial applications, nuclear reactors, transportation, and electronics, as well as biomedicine and food processing.
Shafahi et al. [17] [18] [19] proposed the application of nanofluids in different kinds of heat pipe. They demonstrated the existence of an optimal concentration which maximizes heat transfer capillary limits. Manca et al. [20] applied nanofluids to ribbed channels in order to increase the heat transfer capabilities of such devices. They performed a numerical investigation showing a heat transfer enhancement and corresponding increase of required pumping power. Krishna Sabareesh et al. [21] investigated the effect of dispersing a low concentration of TiO 2 nanoparticles in the mineral oil based lubricant, on its viscosity and lubrication characteristics, as well as on the overall performance of a vapor compression refrigeration system using R12 (Dichlorodifluoromethane) as the working fluid. They detected enhancement in the COP Advances in Mechanical Engineering Mahian et al. [22] proposed a review about the applications of nanofluids in the field of solar thermal engineering systems. They found that most of the work consider the effects of nanofluids on the performance of solar collectors and solar water heaters from the efficiency, economic, and environmental considerations viewpoints. In addition, they highlight some works on the applications of nanofluids in thermal energy storage, solar cells, and solar stills.
All the mentioned literature focus on the study of the fundamental heat transfer phenomena or applications involving nanofluids, and it is based on the first law of thermodynamics, which is not sufficient to add consideration about the energy efficiency of these kinds of systems. It is therefore necessary to enlarge the focus and to base the analysis also on the second law of thermodynamics.
According to this, different authors start to propose investigations taking into account entropy generation in nanofluid flow.
Mahian et al. [23, 24] analyzed entropy generation between two corotating cylinders using nanofluids. They found that the TiO 2 -water nanofluid represent the optimal choice for this kind of configuration.
Leong et al. [25, 26] studied the entropy generation of turbulent convection of nanofluids subjected to constant wall temperature and analyzed entropy generation of three different types of heat exchangers working with nanofluids. They determined the optimal working conditions for the investigated devices. Moghaddami et al. [27] and Singh et al. [28] proposed two interesting theoretical investigations of entropy generation of nanofluids convection. They showed the existence of different optimal working points according to the flow features, but they do not consider the influence of particles diameter. Developing turbulent-forced convection flow of a water-Al 2 O 3 nanofluid in a square tube, subjected to constant and uniform wall heat flux, was numerically investigated by Bianco et al. [29] . A simple analytical procedure was proposed to evaluate the entropy generation, and its results were compared with the numerical calculations, showing a very good agreement. An entropy generation analysis was also proposed in order to find the optimal working condition for the given geometry under given boundary conditions. Very recently, Bianco et al. [30] proposed an analytical investigation to analyze entropy generation in a tube subjected to constant wall heat flux. The influence of particles concentration and dimensions as well as the influence of inlet conditions were assessed.
The present paper has the aim to develop an analytical investigation of entropy generation of Al 2 O 3 -water based nanofluid in turbulent convection inside a circular cross section tube, subjected to constant wall temperature, in order to understand if there are optimal working conditions. Different inlet conditions, namely, constant Re, constant mass flow rate and constant velocity, concentrations, and dimensions, are considered in order to assess their influence on the entropy generation.
It is important to highlight that, to the best of the authors' knowledge, the effect of particles dimensions on the entropy generation of a tube subjected to constant wall temperature is analyzed for the first time in this paper.
The information and comments contained in the present work are believed to be useful to pursue the optimal design of thermal devices; in particular, the system considered in the present paper is a very common configuration, utilized in numerous kind of applications. constant wall temperature and different inlet conditions. The tube has a length, , equal to 1 m and a diameter, , of 1 cm, Figure 1 (a), whereas the temperature at the inlet, 0 , is equal to 293 K and the temperature on the wall is 350 K.
Methodology
Different inlet conditions are considered, namely, fixed Reynolds number, Re, in the range of 20 ⋅ 10 3 up to 100 ⋅ 10 3 , constant mass flow rate from 0.3 up to 0.5 kg/s, and fixed inlet velocity ranging from 4.0 up to 8.5 m/s. All the above mentioned inlet conditions cause a turbulent flow with Re in the range of 11 ⋅ 10 3 until 100 ⋅ 10 3 .
Thermophysical Properties. Definition of thermophysical
properties of a nanofluid is extremely important, in order to determine reliable results, and different models to describe their behavior are available in the literature, as discussed in [31] .
Density of nanofluids is calculated according to the general formula for the mixtures, obtaining the following
Specific heat is calculated by assuming thermal equilibrium between the nanoparticles and the base fluid by means of the following equation:
As reported in [1] , (1) and (2) have been validated experimentally, and they meet the general agreement of the scientific community.
Viscosity and thermal conductivity are calculated according to the correlations proposed by Corcione [2, 3] . These correlations are established by analyzing a large amount of experimental data available in the literature. According to [2] , thermal conductivity of nanoparticles of spherical size can be expressed in the following way:
where Re is the nanoparticle Reynolds number and Pr is the Prandtl number of the base liquid. In more detail, the nanoparticle Reynolds number is defined as [2] follows:
where V is the Brownian velocity, defined as
It can be noticed that (3) is a function of both nanoparticle concentration and diameter. According to [3] , dynamic viscosity can be expressed as
Also, nanofluid dynamic viscosity is expressed as a function of particles diameter and concentration. Figure 1 reports the configuration under investigation, Figure 1 (a) particularly shows a schematic of all the considered domain, whereas in Figure 1(b) , a sketch of a control volume used to develop the analysis is shown. The surface temperature of the duct is kept constant at . An incompressible viscous fluid with mass flow rate equal to and inlet temperature enters the duct of length and diameter . Density, thermal conductivity, and specific heat of the fluid are assumed to be constant within the range of temperatures considered in this study. With reference to the control volume reported in Figure 1(b) , an entropy balance can be written as gen = ⋅ − .
Mathematical Modeling.
And as reported in [32] , for an incompressible fluid, can be expressed as follows:
whereas is expressed as
Therefore, by substituting (8) and (9) into (7), the following expression is obtained:
In (10), it is possible to distinguish different contributions. The first member of the equation represents the total entropy generation, whereas at the second member of the equation there are two terms: the first one is the thermal entropy generation, whereas the second one is the frictional entropy generation. Therefore, it is possible to write the following expression:
gen, = gen, + gen, . 
Be ranges from 0, all frictional irreversibility, to 1, all thermal irreversibility. According to [32] , from the integration of the first part of the second member of (10) between zero and the length of the duct, , and by making some substitutions, the thermal entropy generation can be determined as follows:
where is the dimensionless temperature, defined as
and is the dimensionless length of the tube, defined as
Advances in Mechanical Engineering 
and ℎ representing the convection heat transfer coefficient, calculated from the correlation suggested by Pak and Cho, specifically developed for nanofluids [33] :
The frictional entropy generation can be expressed according to Bejan [34] , by integrating the second part of the second member of (10):
where is the friction factor calculated as suggested in [25, 35] , estimated as:
and ave is the average bulk temperature of the fluid inside the tube, estimated as
where out is determined as
Results and Discussion
Results are reported in terms of thermal, frictional, and total entropy generation and Bejan number, in order to understand the relative importance of thermal entropy generation with respect to frictional entropy generation. For assigned and , the terms nf , nf , and nf are evaluated by (2) values by (16) and by (18) . Thermal and frictional entropy generations are evaluated by (12) and (17) for assigned , equal to 0.163 (i.e., in the present study is kept constant). First of all, the impact of possible deviations affecting the correlation of Nu (16) on the thermal entropy generation is analyzed. It is considered a variation of Nu of ±20% with respect to the value calculated by (16) . The case of constant Re = 60 ⋅ 10 3 , particles diameter equal to 30 nm, and variable volumetric concentration is taken into account. Figure 2 reveals that for a variation of Nu of +20%, there is an increase of thermal entropy generation between 12% and 13%; therefore, the effect of a positive deviation in Nu is smoothed. When there is a variation in Nu of −20%, there is a decrease of thermal entropy generation varying between −14% and −15%; therefore, a smoothing effect is still present. Figure 2 shows that when possible experimental deviations of Nu are taken into account, there is a variation in the value of thermal entropy generation, but the trend is similar; therefore, the main considerations (i.e., optimal concentration of nanoparticles) are not affected by possible experimental deviation of (16) . Figure 3 shows the analysis for constant Re as inlet condition and for a fixed particles dimension ( = 30 nm), whereas the volumetric concentration varies.
In Figure 3 , it is detected an increase of thermal, frictional, and total entropy generation at the increase of concentration, whereas Be number decreases highlighting that as concentration increases the frictional entropy generation starts to give a substantial contribution to the total irreversibility of the system.
The reported behavior can be explained in the following way: at the increase of the concentration there is a growth of both density and dynamic viscosity, but the increase of the latter contribution is much stronger; therefore, in order to maintain Re constant, it is necessary to increase the velocity, which, in turn, determines a strong increase of the mass flow rate. The increase of the mass flow rate is higher than the decrease of the specific heat (see (12) ), whereas the effect of the other terms in (12) is limited; therefore, thermal entropy generation grows.
In the same way, also the frictional entropy generation increases (see (17) ), but as a cubic function of the mass flow rate; that way at higher concentration, it starts to affect the total entropy generation. Figure 4 reports the aforementioned analysis for constant Re (Re = 50 ⋅ 10 3 ) and different dimensions of the particles (20 nm, 40 nm, and 60 nm), showing that as the diameters decrease, entropy generation increases, whereas Be number reduces.
This behavior is due to the fact that as particles dimensions decrease, there is a strong increase of the dynamic viscosity (see (6) ), caused by the higher surface of interaction among the particles and base fluid (at constant concentration, smaller particles have a higher total surface of interaction with the base fluid). If the viscosity grows, it is necessary a higher velocity to have a constant Re, as previously mentioned. Figure 5 illustrates the results when mass flow rate is kept constant assuming three different conditions (0.3 kg/s, 0.4 kg/s, and 0.5 kg/s) and particles dimension is taken fixed ( = 30 nm), whereas particles concentration is variable. It can be noticed that thermal, frictional, and total entropy generations tend to reduce, whereas Be number is nearly constant, showing a proportional variation of thermal and frictional generation; even though it is to be noticed that thermal entropy generation is much higher than frictional entropy generation.
This behavior is due to the fact that, by keeping mass flow rate constant and increasing the concentration of the nanoparticles, there is a decrease of the specific heat, which determines most of the reduction of thermal entropy generation, and an increase of the density, which causes most of the decrease of the frictional entropy generation. These two contributions have a similar effect, therefore Be number remains nearly constant. Anyway, as previously noticed, the impact of specific heat is more relevant, because thermal entropy generation is two order of magnitude higher with respect to thermal entropy generation.
Moreover it is important to consider that by keeping mass flow rate constant, a significant reduction of Re is determined ( Figure 6 ) as concentration increases. This, according to (16) , determines a reduction of Nu; therefore, when mass flow rate is kept constant there is a more efficient (i.e., entropy generation decreases) but less effective heat exchange (i.e., a lower quantity of heat is exchanged). Figure 7 reports entropy generation and Be number for a constant mass flow rate (0.4 kg/s), three different nanoparticles dimensions (20 nm, 40 nm, and 60 nm), and variable concentration.
From Figure 7 , it is noticed an opposite trend of thermal and frictional entropy generation; in fact, thermal entropy generation tends to decrease with the nanoparticles diameters, whereas the opposite happens for frictional generation. The overall effect is a decrease of the total entropy generation, when particles dimensions reduce, because the weight of thermal entropy generation is much higher with respect to frictional thermal generation. Thermal entropy generation decreases, because the reduction of the particles dimensions causes a reduction of the Stanton number, which makes thermal entropy generation decrease according to (12) .
The reduction of St is due to a decrease of Nu caused by the reduction of Re due to the increase of dynamic viscosity determined by the decrease of particles dimensions (i.e., the decrease of the amount of heat transferred to the nanofluid is stronger than the decrease of the nanofluid heat capacity, provoking a reduction of St).
The same mechanism is also responsible for the increase of frictional entropy generation; in fact, as Re decreases, increases (18) , provoking a rise of the frictional entropy generation (17) . Figure 8 reports the results for the case of constant inlet velocity, taking into account three different values (4 m/s, 6 m/s, and 8 m/s), a particles dimension equal to 30 nm, and concentration between 0% and 6%.
It is detected a decrease of the thermal entropy generation and an increase of frictional entropy generation. The overall effect is a slight decrease of total entropy generation, because frictional entropy generation is one order of magnitude lower than thermal entropy generation, thus, Be number has a value close to 1.
Thermal entropy generation decreases as concentration increases (except for low concentration, as shown and discussed in the following), because at the increase of concentration there is a reduction of the specific heat, which is stronger than the effect of the increase of the mass flow rate, caused by the rise of the density. Moreover, St number decreases, contributing to the reduction of thermal entropy generation for the previously mentioned reasons. The reduction of St is due to the decrease of Nu provoked by the decrease of Re at the increase of particles concentration (Figure 9 ). Re decreases because the rise of viscosity is more significant than that of density. On the contrary, frictional entropy generation increases, because the effect of the increase of the mass flow rate and of the frictional coefficient are dominant, with respect to other mechanisms which tend to reduce frictional entropy generation (i.e., increase of density). Figure 10 shows the trend of thermal, frictional, and total entropy generation, together with Be, for a value of velocity of 6.0 m/s and different particles dimensions (20 nm, 40 nm, and 60 nm) as a function of the concentration. It is detected that, as previously mentioned, there is a substantial decrease of thermal entropy generation, except for concentration up to 1%. The increase of entropy generation is due to the increase of St, caused by the increase of heat convection coefficient driven by the rise of thermal conductivity. At low concentration, this effect and the increase of mass flow rate are dominant with respect to the decrease of the specific heat. As concentration increases (i.e., after 1%), the reduction of Re, determined by the increase of the viscosity, causes a strong reduction of Nu, and the increase of the thermal conductivity is not sufficient to make St increase, so it starts to decrease, contributing to the reduction of thermal entropy generation.
The reduction of thermal entropy generation caused by the reduction of particles dimensions is due to reasons analogous to what happened in the case of mass flow rate (i.e., reduction of St at the decrease of particles dimensions), the same is for the increase of frictional entropy generation (decrease of Re with consequent increase of ).
Conclusions
The present paper investigated the entropy generation of a nanofluid turbulent convection flow within a circular cross section tube subjected to constant wall temperature. The analysis showed that the considered inlet condition influences the different mechanisms and the amount of entropy generation. Particularly, it is shown that at constant Re there is an increase of both thermal and frictional entropy generation, with a higher increase of frictional entropy generation according to the rise of particles concentration.
For constant mass flow rate and inlet velocity, more similar trends are observed. Specifically, there is a decrease of thermal entropy generation for both cases, whereas frictional entropy generation decreases in the case of constant mass flow rate and increases for constant velocity inlet condition. For these two conditions, an overall decrease of the total entropy generation is detected.
It is very important to highlight that a dominant role in the analysis of the considered problem is played by dynamic viscosity, which has a strong influence on the resulting Re, when it is not assumed constant. 
Nomenclature

